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Polarization  field  mapping  of  Alo.s5lno.15N/AIN/GaN  heterostructure 

Lin  Zhou,1,a)  David  A.  Cullen,1  David  J.  Smith,1  Martha  R.  McCartney,1  Anas  Mouti,2 
M.  Gonschorek,2  E.  Feltin,2  J.  F.  Carlin,2  and  N.  Grandjean2 

1 Department  of  Physics,  Arizona  State  University,  Tempe,  Arizona  85287,  USA 
2Ecole  Polytechnique  Federate  de  Lausanne  (EPFL),  CH-1015  Lausanne,  Switzerland 

(Received  4  February  2009;  accepted  6  March  2009;  published  online  27  March  2009) 

Off-axis  electron  holography  has  been  used  to  measure  the  built-in  potential  profile  across  an 
Al085In0 15N/AlN/GaN  high  electron  mobility  transistor  heterostructure.  Profile  measurements 
indicated  a  polarization-induced  electric  field  of  6.9  MV/cm  within  the  AIN  layer.  A 
two-dimensional  electron  gas  with  a  density  of  —2.1  X  1013  cm-2  was  located  in  the  GaN  layer  at 
—0.8  nm  away  from  the  AlN/GaN  interface  in  reasonable  agreement  with  the  reported  simulations. 
Electron  microscopy  confirmed  that  the  Al0  85In0 15N  layer  was  uniform  and  that  Al0  85In0 15N/A1N 
and  AlN/GaN  interfaces  were  abrupt  and  well  defined.  ©  2009  American  Institute  of  Physics. 
[DOI:  10.1063/1.3108084] 


The  A1 1  _xInxN  material  system  has  been  proposed  as  the 
basis  for  fabrication  of  high  electron  mobility  transistors 
(HEMTs).1-5  It  is  predicted  by  Vegard’s  law  that 
Al0.825lno.i75N  should  be  lattice  matched  (LM)  to  fully  re¬ 
laxed  GaN  so  that  the  Al0  825In0 175N/GaN  heterostructure 
should  ideally  be  free  of  interface  strain.5  Moreover,  prob¬ 
lems  associated  with  strain  relaxation,  such  as  defect  genera¬ 
tion  and  device  degradation,  should  be  alleviated.5  Due  to  the 
spontaneous  polarization  difference  between  LM  InAIN  and 
GaN,  a  positive  polarization  charge  should  appear  at  the 
AlInN/GaN  interface.6  Electrons  in  the  nearby  region  would 
tend  to  compensate  for  this  polarization  charge  and  form  a 
two-dimensional  electron  gas  (2DEG).3  High  performance 
AlInN/GaN  HEMT  structures  grown  on  sapphire  substrates 
with  a  2DEG  density  of  —  2.6  X1013  cm-2  have  been  re¬ 
cently  reported.4  The  effect  of  strain  on  the  2DEG  density  at 
the  AlInN/InN/GaN  interface  for  AlInN  barriers  with  differ¬ 
ent  thicknesses  and  In  concentration  was  also  investigated.3 
However,  the  exact  location  of  the  2DEG  layer  remains  un¬ 
certain  and  structural  analysis  of  such  HEMTs  is  lacking. 
Here,  we  describe  a  study  involving  cross-sectional  and  plan- 
view  transmission  electron  microscopy  (TEM),  small-probe 
microanalysis,  as  well  as  off-axis  electron  holography  of  the 
micro  structure  and  electrostatic  potential  profile  across  an 
Al0  85In0 15N/AlN/GaN  HEMT  structure.  The  position  of  the 
2DEG  has  been  located  experimentally. 

The  HEMT  heterostructure  was  grown  in  an  AIXTRON 
200/4  RF-S  metalorganic  vapor-phase  epitaxy  (MOVPE) 
system  on  a  2  in.  c-plane  sapphire  substrate.  Growth  details 
can  be  found  in  Ref.  3.  Samples  suitable  for  cross-sectional 
and  plan-view  observation  were  prepared  by  mechanical 
wedge  polishing  or  dimpling  followed  by  Ar  ion  milling  at 
3.5  keV  using  a  liquid-nitrogen  cold  stage  to  avoid  any  seg¬ 
regation  artifacts.  Samples  for  holography  observations  were 
then  chemically  etched  in  warm  KOH  solution.  High-angle 
annular-dark-held  (HAADF)  scanning  transmission  electron 
microscopy  (STEM)  and  energy- dispersive  x-ray  spectros¬ 
copy  (EDXS)  were  conducted  using  a  JEOL  JEM-2010  FEG 
TEM  operated  at  200  keV.  The  focused  probe  size  [full  width 
at  half  maximum  (FWHM)]  for  these  measurements  was  es¬ 
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timated  to  be  —0.5  nm  and  the  step  size  for  analysis  line 
scans  was  —1  nm.  High-resolution  and  diffraction-contrast 
imaging  as  well  as  off-axis  electron  holography  were  per¬ 
formed  using  a  Philips  CM200  FEG  TEM  equipped  with  an 
electrostatic  biprism  and  a  charge  coupled  device  camera  for 
quantitative  image  recording.  A  positive  biprism  voltage  of 
—  105  V  was  used  to  produce  holograms  in  high-resolution 
mode  with  the  objective  lens  turned  on. 

High-resolution  cross-sectional  imaging  revealed  that 
the  AlInN/AlN/GaN  interfaces  were  coherent  and  abrupt,  as 
shown  in  Fig.  1.  Lower  magnification  TEM  images  (not 
shown  here)  indicated  that  most  threading  dislocations  (TDs) 
in  the  upper  part  of  the  GaN  layer  propagated  through  the 
heterostructure  to  the  top  surface.  Plan- view  imaging  showed 
that  the  TD  density  inside  the  HEMT  was  —  9  X  108  cm-2. 

A  cross-sectional  HAADF  image  of  the 
Al0  85In0 15N/AlN/GaN  HEMT  structure  taken  on  the  [1010] 
zone  axis  and  the  corresponding  EDXS  line  profile  are 
shown  in  Fig.  2.  Abrupt  Al0  85In0 15N/ AIN  and  AlN/GaN  in¬ 
terfaces  are  observed.  The  uniform  contrast  in  the  AlInN 
indicates  that  there  is  no  phase  separation  in  this  layer.  The 
thicknesses  of  the  AlInN  and  AIN  layers  measured  from  the 
STEM  images  are  13  and  1.3  nm,  respectively. 

Off-axis  electron  holography  provides  quantitative  ac¬ 
cess  to  phase  shifts  experienced  by  the  incident  electron 


AlInN 
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FIG.  1.  Cross-sectional  high-resolution  TEM  image  recorded  in  [1120]  zone 
axis  projection  showing  that  AlInN/AIN  and  AlN/GaN  interfaces  are  well 
defined. 
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FIG.  3.  (Color  online)  (a)  Phase  and  (b)  amplitude  images  from  recon¬ 
structed  hologram  of  the  HEMT  structure. 


FIG.  2.  (Color  online)  (a)  HAADF  STEM  image  of  the  HEMT  structure;  (b) 
EDXS  line  profile  across  the  interface  from  the  region  indicated  in  (a). 

wave  front  due  to  interactions  with  the  electrostatic  and 
magnetic  potential  of  the  sample.7  The  technique  was  used 
here  to  map  electrostatic  potential  profiles  across  the 
Al085In0 15N/AlN/GaN  HEMT  structure.  When  a  TEM 
sample  is  not  in  a  strongly  diffracting  condition  and  has  a 
uniform  potential  through  its  projected  thickness,  then  the 
relationship  between  the  holographic  phase  shift  O  and  elec¬ 
trostatic  potential  V  is  simply  given  by 

®  =  CEVt,  (1) 

where  CE  is  an  energy-dependent  constant 
(0.007  28  rad/V  nm  for  200  keV  electrons)  and  t  is  the 
sample  thickness.7  Since  the  AlInN  layer  was  very  close  to 
vacuum  and  thin  TEM  samples  close  to  vacuum  may  be 
easily  bent  or  damaged  during  sample  preparation,  holo¬ 
grams  were  taken  from  relatively  thick  regions  to  minimize 
these  effects.  Moreover,  holographic  analysis  concentrated 
on  the  Al0  85In0 15N/AlN/GaN  interface  area  away  from  the 
sample  edge. 

Figures  3(a)  and  3(b)  show  the  phase  and  amplitude  im¬ 
ages,  respectively,  from  the  reconstructed  hologram  of  the 
Al0  85In0 15N/AlN/GaN  HEMT.  The  phase  in  vacuum  was 
set  to  zero.  A  line  profile  through  the  phase  image  across  the 
heterostructure  averaged  over  15  nm  along  the  [0001] 
growth  direction  is  shown  in  Fig.  4.  The  sample  thickness 
(228  nm)  was  extracted  from  the  amplitude  of  the  hologram 
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by  taking  the  inelastic  mean  free  path  for  GaN  as  61  nm.8 
Line  profiles  from  the  thickness  image  confirmed  uniform 
thickness  in  the  area  analyzed. 

Figure  5  shows  the  potential  profile  across  the 
Al0  85In0 15N/AlN/GaN  hetero structure  calculated  using  Eq. 
(1).  This  yields  a  value  of  —13.4  V  for  the  mean-inner  po¬ 
tential  of  GaN  in  good  agreement  with  the  published 
values.9-11  A  linear  drop  in  potential  inside  the  AIN  layer 
consistent  with  an  electric  field  inside  the  AIN  layer  (EMN)  is 
also  visible.  £A1N  is  generated  by  polarization  charges  lo¬ 
cated  at  the  AlInN/AIN  (negative  charges)  and  AlN/GaN 
(positive  charges)  interfaces.5  Assuming  that  E ****  is  constant 
across  the  AIN  layer,  then  its  value  can  be  obtained  by  fitting 
the  slope  of  the  potential  in  that  region  [Emn=-cI(VqIN 
+  Vein)  /  dx=-d{VElN)  /  dx  from  positions  7.18  to  9.45  nm]. 
The  result  of  —6.9  MV/ cm  is  consistent  with  the  reported 
theoretical  calculations.3,6  However,  the  expected  drop  in 
mean  inner  potential  at  the  AlN/GaN  and  InAlN/AIN  inter¬ 
faces  was  not  visible,  which  is  consistent  with  other 
observations.10 

The  positive  curvature  of  potential  near  the  AlN/GaN 
interface  region  indicates  the  existence  of  a  2DEG.10  This 
2DEG  was  quantified  using  the  following  steps.  First,  nu¬ 
merical  Gaussian  fitting  from  the  experimental  data  was  per¬ 
formed  from  positions  2.8  to  7.0  nm  to  smooth  the  experi¬ 
mental  data.  The  second  derivative  of  the  fitted  profile  was 
calculated  and  the  electron  density  ( n )  was  then  obtained 
using  n=-s0srd2V/ dx2  (for  GaN  sr :  10.5).  Finally,  the 
2DEG  density  was  calculated  by  integrating  n  along  the 


23 

1  i 

1  t  i 

i  i 

i 

t 

t 

22 

r  <  k 

p 

AlInN 

TD 

CD  „ 

i  > 

:  \ 

^  21 

!  'b 

tn 

U3 

y 

m  2C 

GaN  )  1 

Cl 

[  !  AIN 

[ 

* 

y 

13 

\ 

4 

€  2  4  6  3  10  12 

position  (nm) 

FIG.  4.  Phase  profile  across  the  AlInN/AlN/GaN  interface. 
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FIG.  5.  (Color  online)  Potential  profile 
(open  squares)  and  electron  distribu¬ 
tion  (filled  circles)  across  the  AlInN/ 
AlN/GaN  interface. 


[0001]  direction  from  positions  2.8  to  7.0  nm.  A  Gaussian 
electron  distribution  around  the  AlN/GaN  interface  was  re¬ 
vealed,  as  shown  in  Fig.  5.  The  peak  electron  density  in  the 
GaN  layer  of  2.45  X  1020  cm  3  was  located  at  about 
—0.8  nm  away  from  the  AlN/GaN  chemical  interface  and 
the  integrated  2DEG  density  was  —2.1  X  1013  cm-2. 

A  comparison  between  electron  holography  measure¬ 
ments  and  simulated  values  is  shown  in  Table  I.  The  mea¬ 
sured  Emn  and  2DEG  density  are  consistent  with  theoretical 
simulations.  The  slightly  smaller  experimental  value  could 
be  due  to  a  screening  effect  caused  by  charges  at  the  inter¬ 
faces.  Electrically  dead  layers  at  the  TEM  sample  surface 
may  also  cause  some  slightly  underestimation.  However,  the 
measured  maximum  electron  density  at  the  interface  is 
higher  than  the  simulated  value.  One  possible  explanation  is 
that  the  electrons  are  better  confined  than  in  the  simulated 
curve  (narrower  FWHM). 

In  conclusion,  Al085In0 15N/AlN/GaN  HEMT  hetero¬ 
structure  with  well  defined  interfaces  have  been  grown  on 
c-plane  sapphire  substrates  using  MOVPE.  The  measurement 


TABLE  I.  Comparison  of  simulated  and  experimental  values  of  the  electric 
field,  2DEG  density,  and  location  across  the  HEMT  structure. 


Simulation 

Hall 

effect 

Off-axis 

electron 

holography 

EA] n  (MV/cm) 

7.5a 

6.9 

2DEG  density  (X 1013  cm-2) 

2.5a 

2.53a 

2.1 

Maximum  charge  density 
(XIO20  cm-3) 

1.25a 

2.45 

Distance  of  2DEG  from  AlN/GaN 
interface  (nm) 

— 0.63  b 

—0.8 

aReference  3. 
bReference  2. 


of  electrostatic  potential  profiles  across  the  hetero structure 
by  off-axis  electron  holography  showed  an  electric  field  of 
—6.9  MV/ cm  within  the  AIN  layer.  A  2DEG  with  a  density 
of  —2. IX  1013  cm-2  was  located  in  the  GaN  at  —0.8  nm 
away  from  the  AlN/GaN  interface. 
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Swiss  National  Science  Foundation  (Contract  No.  200021- 
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Arizona  State  University. 
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Abstract. 

The  most  important  metrics  for  the  high-frequency  and  high-power  performance  of  microwave 
transistors  are  the  cut-off  frequency  fr,  and  the  Johnson  figure  of  merit  FoMJohnson •  We  have  simulated 
a  state-of-the-art,  high-frequency  and  high-power  GaN  HEMT  using  our  full  band  Cellular  Monte  Carlo 
(CMC)  simulator,  in  order  to  study  the  RF  performance  and  compare  different  methods  to  obtain  such 
metrics.  The  current  gain  as  a  function  of  the  frequency,  was  so  obtained  both  by  the  Fourier  decomposition 
(FD)  method  and  the  analytical  formula  proposed  by  Akis.  A  cut-off  frequency  fr  of  150  GHz  was  found 
in  both  the  transit  time  analysis  given  by  the  analytical  approach,  and  the  transient  Fourier  analysis,  which 
matches  well  with  the  153  GHz  value  measured  experimentally.  Furthermore,  through  some  physical 
considerations,  we  derived  the  relation  between  the  FoM Johnson  as  a  function  of  the  breakdown  voltage, 
Vbd,  and  the  cut-off  frequency,  fr.  Using  this  relation  and  assuming  a  breakdown  voltage  of  80 U  as 
measured  experimentally,  a  Johnson  figure  of  merit  of  around  20  x  1012  U/s  was  found  for  the  HEMT 
device  analyzed  in  this  work. 


1.  Introduction 

Several  figures  of  merit  are  often  used  to  evaluate  the  performance  of  microwave  devices.  The  most 
important  metrics  for  the  high-frequency  and  high-power  performance  of  microwave  transistors  are  the 
cut-off  frequency,  fr,  and  the  Johnson  figure  of  merit,  FoMj0hns0n  [1].  The  cut-off  frequency  is  related 
to  the  short  circuit  current  gain,  /121,  which  is  defined  as  the  ratio  of  the  small-signal  output  current  to 
the  small-signal  input  current  of  the  device  when  the  output  terminals  are  shorted.  The  Johnson  figure  of 
merit  takes  into  account  the  breakdown  electric  field,  Ebd ,  and  saturated  electron  drift  velocity,  vsat,  in 
defining  a  measure  for  the  power  handling  capability  at  high  frequencies. 

We  have  simulated  a  state-of-the-art,  high-frequency  and  high-power  GaN  HEMT,  reported  by 
Palacios  et  al.  [2],  using  our  full  band  Cellular  Monte  Carlo  (CMC)  simulator,  in  order  to  study  the 
RF  performance  and  compare  with  the  prediction  of  the  analytical  model  for  the  cut-off  frequency 
calculations  proposed  by  Akis  et  al.  [3].  Furthermore,  through  some  physical  considerations,  we 
derived  the  relation  between  the  FoMj0hnSon  in  function  of  the  breakdown  voltage  Vb d  and  the  cut-off 
frequency  fr .  Using  this  equation,  the  Johnson  figure  of  merit  can  be  connected  directly  to  microwave 
measurements  in  a  meaningful  manner  and  calculated  easily  by  standard  experimental  measurements. 

2.  GaN  HEMT  with  InGaN  back  barrier 

The  layout  of  the  device  described  in  this  work  is  composed  of  an  AlGaN/GaN  hetero structure  with 
an  InGaN  back  barrier  grown  on  a  semi-insulating  SiC  substrate  by  metal-organic  chemical  vapor 
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Figure  1.  Schematic  cross-section  of  the  simulated  InGaN  back  barrier  HEMT 


deposition.  The  heterostructure  is  unintentionally  doped  and  consists,  from  bottom  to  top,  of  1.5 fim 
of  GaN  followed  by  1  nm  of  In^^Ga^^N  capped  by  llnra  of  GaN  and  25 nm  of  Al^^Ga^^N 
as  shown  in  Figure  1.  The  AlGaN  layer  is  recessed  in  order  to  have  a  gate-to-channel  distance  of 
13nm.  The  source-gate  and  gate-drain  separations  are  both  0.75^m,  while  the  gate  length  is  set  to 
OA/am.  Highly  doped  regions  are  created  under  the  source-drain  electrodes  down  to  the  GaN  channel 
to  emulate  metal  spikes  and  to  control  contact  resistances. 

The  presence  of  the  InGaN  layer  enhances  the  confinement  of  the  electrons  in  the  channel.  In  fact, 
the  large  polarization-induced  electric  field  in  the  InGaN  layer  raises  the  conduction  band  edge  of  the 
GaN  buffer  with  respect  to  the  GaN  channel,  creating  a  potential  barrier  against  carrier  diffusion  in  the 
bulk  layer.  More  details  on  that  device  can  be  found  in  [2],  where  all  the  characteristics  of  the  sample 
used  to  obtain  the  experimental  data  are  reported. 

3.  RF  analysis  of  AlGaN/GaN  HEMT 

The  basic  idea  of  the  small-signal  frequency,  or  RF,  analysis  consists  of  applying  a  small  perturbation  to 
one  electrode  of  the  device  in  steady-state,  while  keeping  all  other  parameters  constant.  The  small-signal 
parameters  can  then  be  derived  from  the  Fourier  analysis  of  the  transient  response.  The  response  in  the 
transient  regime  is  a  function  of  the  device  characteristics,  such  as  the  geometry,  the  doping  profile,  the 
transport  properties  of  the  device  and  the  steady-state  operating  point  (i.e.  the  DC  components  of  Vds 
and  VgsX 

In  our  study,  the  operating  point  for  the  RF  analysis  (Vgs  —  OV^,  Vds  —  6 V0  has  been  chosen  in 
order  to  compare  simulation  results  with  experiment  [2].  The  current  gain  as  a  function  of  the  frequency 
is  shown  in  Figure  2.  The  right  plot,  representing  the  simulation  results,  is  obtained  by  the  Fourier 
decomposition  (FD)  method,  where  a  small  step  voltage  is  applied  to  the  input  port  of  the  device  in 
steady  state,  and  the  transient  short  circuit  current  response  is  Fourier  analyzed  to  obtain  the  cut-off 
frequency. 


4.  Cut-off  frequency 

An  alternative  method  to  calculate  the  current  gain  cut-off  frequency,  fr,  is  to  relate  this  to  the  transient 
time  at  carriers  across  the  effective  gate  length  [3]: 


fr  = 


1 

Vave(x) 


-1 


dx 


(1) 


where  Leff  is  an  effective  gate  length  and  vave(x )  is  the  average  simulated  velocity  along  the  channel. 

The  simulated  electron  drift  velocity  profile  along  the  channel  used  in  the  calculation  of  the  cut-off 
frequency  according  to  Eq.  (1)  is  illustrated  in  Figure  3. 
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Figure  2.  Current  gain  as  a  function  of  the  frequency  obtained  by  the  CMC  simulation. 


A  cut-off  frequency  fr  of  150  GHz  was  found  in  both  the  transit  time  analysis  given  by  Eq.(l), 
and  simulation  results  using  transient  Fourier  analysis,  which  matches  well  with  the  153  GHz  value 
measured  experimentally  [2]. 


5.  Johnson  figure  of  merit 

In  general,  widebandgap  materials  like  GaN  have  desirable  properties  for  high  power  applications  due 
to  their  large  band  gap  and  high  thermal  conductivity.  The  Johnson  figure  of  merit  mentioned  earlier, 
characterizes  the  high  frequency  performance  of  power  devices,  and  is  proportional  to  the  saturation 
velocity  and  critical  electric  field  for  impact  ionization  initiated  breakdown  [1] 

F oM j0hnsan  =  ,  (2) 


where  vsat  is  the  saturation  velocity  and  Ebd  is  the  electric  field  at  which  impact  ionization  initiates 
breakdown.  Unfortunately,  this  figure  of  merit  is  difficult  to  determine  experimentally  as  both  vsat 
and  Ebd  are  intrinsic  properties  of  a  device,  although  easily  found  from  simulation.  However,  these 
quantities  can  be  connected  to  microwave  measurements  in  a  meaningful  manner.  Generally,  the  cutoff 
frequency,  fr,  is  related  to  the  effective  saturation  velocity  through  the  well-known  formula 


Vsat 

2^? 


(3) 


where  Lq  is  the  gate  length  (or  effective  gate  length).  We  also  find  from  detailed  simulations,  that 
the  field  under  the  gate  varies  almost  linearly  over  the  length  of  the  effective  gate.  Breakdown  usually 
occurs  near  the  drain  end  of  the  gate,  where  the  highest  field  occurs.  Since  there  is  also  a  potential  drop 
across  the  space  between  the  gate  and  the  contacts,  we  can  write  the  breakdown  voltage  in  terms  of  the 
breakdown  field  as 


Vbd  =  ol 


EbdLg 

2 


(4) 


where  a  is  an  adjustable  parameter  that  relates  the  voltage  drop  across  the  gate  to  the  total  voltage  applied 
to  the  device.  Hence,  we  can  rewrite  the  figure  of  merit  in  terms  of  these  experimentally  determined 
parameters  as 
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Figure  3.  Electron  drift  velocity  profile  along  the  channel  resulting  by  the  CMC  simulation 


FoMJohnson  =  ^(2tt LGfT =  -fTVBD.  (5) 

Z7T  olLq  a 

The  a  parameter  can  be  extracted  directly  from  the  simulations  using  Eq.  (4),  and  calculating  the 
breakdown  voltage  as  an  integral  of  the  field  across  the  channel  when  the  impact  ionization  first  occurs. 

Using  a  value  previously  published  for  GaN  for  Eq.  (2)  [4],  and  values  found  in  simulations  of  GaN 
HEMTs,  we  find  that  a  is  appropriately  1.25,  although  this  factor  could  be  ignored  without  much  loss 
of  relevance  of  the  figure  of  merit  since  its  close  to  unity.  Following  Eq.  (5)  and  assuming  a  breakdown 
voltage  of  80V  [2],  a  FoMj0hns0n  around  20  x  1012V/s  was  found  for  the  HEMT  device  analyzed  in 
this  work. 

6.  Conclusion 

In  this  paper,  the  most  important  metrics  to  evaluate  RF  performance  of  GaN  HEMT  devices  were 
investigated,  through  comparison  between  experimental,  simulation  and  analytical  method.  The  Fourier 
decomposition  method  was  used  to  evaluate  the  cut-off  frequency  in  our  full  band  CMC  simulation 
code,  which  includes  the  full  details  of  the  band  structure  and  the  phonon  spectra.  Thermal  simulations 
were  performed  with  commercial  software  in  order  to  determine  the  corrections  needed  to  model 
thermal  effects  with  our  particle-based  CMC  simulator.  Our  studies  indicate  that  both  the  transit  time 
analysis  given  by  Eq.(l),  and  simulation  results  using  transient  Fourier  analysis,  matches  well  with  the 
experimental  data.  We  also  derived  an  analytical  model  to  determine  the  Johnson  figure  of  merit  and 
extracted  this  quantity  from  standard  experimental  data. 
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Abstract  -  Electron  holography,  scanning  transmission  electron  microscopy  (STEM),  and  energy-dispersive  x-ray  spectroscopy  (EDX) 
have  been  used  to  characterize  GaN-based  high  electron  mobility  transistor  (HEMT)  heterostructures  and  devices.  Cross-sections  prepared  by  the 
focused  ion  beam  (FIB)  lift-out  and  wedge-polish  methods  have  been  compared  to  determine  the  impact  of  ion-beam  damage  on  phase  imaging. 
Potential  profiles  and  polarization  fields  within  HEMT  devices  were  measured  by  electron  holography.  Nanoscale  chemical  analysis  was  used  to 
study  the  variations  in  electric  fields  between  the  device  source  and  gate  in  terms  of  interdiffusion  with  contact  and  capping  materials. 


The  AIGaN/GaN  heterostructure  provides  the  basis  for  the  current  generation  of  high  electron 
mobility  transistor  (HEMT)  devices  [1].  In  the  case  of  Ill-nitride  materials  grown  in  the  usual  c-plane 
direction,  spontaneous  and  piezoelectric  polarization  fields  give  rise  to  a  two-dimensional  electron  gas  (2- 
DEG)  at  the  heterostructure  interface.  The  presence  of  the  2-DEG  leads  to  devices  with  high  electron 
mobility  that  are  suitable  for  high  voltage,  high  frequency  applications  such  as  microwave  communications 
and  high  power  amplifiers  [2],  This  research  focuses  on  the  characterization  of  HEMTs  by  advanced 
electron  microscopy  methods  including  nanoscale  chemical  analysis  and  off-axis  electron  holography  [3]. 
The  investigation  is  broken  into  three  subgroups:  sample  preparation  using  focused-ion-beam,  off-axis 
holography  to  image  electrostatic  fields,  and  chemical  and  micro-structural  analysis  of  devices. 

Figure  1  shows  an  example  of  a  HEMT  device  prepared  by  FIB  for  electron  holography.  Although  the 
FIB  is  very  useful  for  site-specific  sample  preparation,  amorphization  and  implantation  by  the  ion  beam  can 
easily  alter  the  material  structure.  To  determine  the  impact  of  FIB  damage  on  phase  imaging,  both  wedge 
and  FIB  samples  were  prepared  from  bulk  HEMT  heterostructures.  Lorentz-  and  diffraction-mode  electron 
holography  was  performed  on  both  bulk  and  device  samples.  The  potential  profile  across  the 
heterostructure  was  calculated  from  the  phase  image  using  the  relationship:  A0=CetV,  where  V  is  the 
potential,  t  is  the  sample  thickness,  and  Ce  is  an  energy-dependent  interaction  constant.  Figure  2  shows  the 
potential  profile  of  a  GaN/AIN/AIGaN  heterostructure.  The  Pt  capping  layer  was  deposited  as  part  of  the  FIB 
sample  preparation.  The  2-DEG  is  located  on  the  substrate  side  of  the  GaN/AIN  interface,  as  evidenced  by 
the  peaked  region  in  the  potential  profile.  High-angle  annular-dark-field  STEM  imaging  and  EDX  were  used 
to  qualitatively  probe  the  chemical  composition  of  these  HEMT  heterostructures.  An  EDX  linescan  across 
the  channel  of  a  HEMT  device  is  show  in  Fig  3  [4], 


Figure  1 :  SEM  image  of  HEMT  device 
prepared  by  FIB  lift-out  method. 


Figure  2:  Phase  image  of  GaN/AIN/AIGaN  Fi9ure  3:  STEM  image  of  HEMT  device 
heterostucture  obtained  by  holography  with  with  EDX  linescan  profiles  (overlay), 
calculated  potential  profile  (overlay). 
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